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A STUDY OF EFFECTS OF VISCOSITY ON FLOW OVER
SLENDER INCLINED BODIES OF REVOLUTION'

By H. JuiiaN ALLEN AND Edbwarb W. PERKINS

SUMMARY

e observed flow field about slender inclined bodies of | y; an , o m .
The obaerted flow fs . ies o { small angles of inclination, have a small subsonic value so
upon potential theory. The comparison s instrustive in that the cross flow will be essentially incompressible in

revolution. is compared with the calculated. characteristics based

indicating the manner in which the éffects of wviscosity are
manifest.

Based on this dnd other studies, a method is developed to
allow for viscous effects on the force and moment characteristics
of bodies. The calculated force and moment characteristics of
two bodies of high. fineness ratio are shown to be in good agree-
ment, for most engineering purposes, with experiment.

INTRODUCTION

The problem of the longitudinal distribution of cross force
on inc‘l ed bodies of re'volution ’m inviscid incompressible

the past was treated sxmply and effectlvely by Max Munk

(reference 1). Munk showed that the cross force per unit
length on any body of revolution having high fineness ratio
can be obtained by considering the flow in planes perpendicu-
lar to the axis of revolution to be approximately two-dimen-
sional. By treating the problem in this manner, Munk
showaed that

F=0,%5 sin 24 (1)

where
S cross force per unit length
Jo stream dynamic pressure
rate of change in body cross-sectional area with
longitudinal distance along the body
a angle of inclination
Tsien (referex’flce 2) investigated the cross force on slender

Qo
dS}dz

lem Qf more 1nterest at the present to mlssde and supersonic
mrcraft dasigners——~and ShOWed that to the order of the
formuln 7777

ds

J= 2Qo‘d—x‘! (2)

was still applicable. This is not surprising when it is realized
that the cross component of the flow field corresponds to a

cross velocity

Vi=Vosin &
1 Supersedes NACA TN 2044, “Pressure Distribution and Some Effects of Viscesity on
Slendér Inclined Bodies of Revolution” by H. Julian Allen, 1950,

where V, is the steam velocity. Thus the cross component
of velocity, and hence, the cross Mach mimber will, for

character, o o A
Using equation (1) for the cross<force distribution, then,

' the total forces and moments experieniced by a body in an

inviscid fluid stream can be calculated. Comparison of the
calculated and experimental characteristics of bodies has

~ shown that the lift experienced exceeds the calculated lift
" in absolute value by an amouiit which is greater the greater

the angle of attack; the center of pressure is farther aft than
the calculations indicate, the discrepancy increasing with
angle of attack; while the absolute magnitude of the moment
about the center of volume is less than that calculated. It
has long been known that these observed discrepancies ure
due primarily to the failure to consider the effects of viscosity
in the flow.

Experience has demonstrated, notabiy in the development
of airfoils, that the behavior of the boundary layer on a
body is intimately associated with the nature of the pressure
distribution that would exist on the body in inviscid flow.
In particular, boundary-layer separation is associated with
the gradient of pressure recovery on a body. The severity
of the effect of such separation can be correlated, in part,
with the magnitude of the total required pressure recovery
indicated by inviscid theory. It is therefore to be expected
that it will be of value to compare the actual pressure dis-
tribution en inclined bodies of revolution with that calculated
on the assumption that the fluid is inviscid. For the purpose
of this study, a simple method is developed for determining,
for an inviscid fluid, the incremental pressure distribution
resulting from inclined flow on a slender body of revolution.?
The experimental incremental pressure distributions about
an airship hull are compared with the corresponding dis-
tributions calculated by this method. The comparisons are
instructive in indicating the manner in which the viscosity
of the fluid influences the flow. In the light of this and other
studi=e, a method for allowing for viscous eflects on the force
and moment characteristics of slender bodies is developed
&nd the results compared with experiment.

2 'I‘he prohlom of determimng the pressure distribution on inclined bodies has been treated
by other authors, but for several reasons these methods are not satisfactory for the prescnt
purposes.  For exataple, Kaplan (reference 3) treated, in a thoreugh manner, the flow about
slender inclined buodies, but the solution, which is expressed in Legendre polynomials, is
unfortungtely tedious to evaluate. On tbe other hand, Laitone (veference 4), by lirearizing
the equations of motion, obtained a solution for the pressure distribution on slender inclined
bedies of revolution, but, as will be seen later, the solution is inadequate in the general case
due to the linearization.

1
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SYMBOLS
reference area for body force and pitching-
moment coefficient evaluation

rL
plan-form area (2 f R(h)
X Jo

éircular-cylinder section drag coefficient based |

on cylinder diameter

local cross-flow drag coefficient at any z station |

based on body diameter
constant of itegration

f 204, o R
cross-flow drag coeﬁiclent Sy e

body foredrag coefficient (

body foredrag coefficient at zero angle of |

. inclination

mcre ental foredrag

mean body dlameter ( =2

local cross force (normal to body axis) at any

station 2 on body
body length
free-stream Mach number
cross-flow Mach number (M, sin a)
local surface pressure
free-streatn static pressure

Tocal surface pressure at zero angle of inclination |

local surface-pressure coefficient ( )

angle of inclination r\
free-stream dynamie pressure
body volume
polar radius about axis of revolution
local body radius at any station »

free=stream Reynolds number based on maxi- |

mum body diameter

cross-flow Reynolds number (R, sin o)

cross-flow Reynolds number based on diameter

DI

coefficient due to |

- | figure I which is i
local surf&ce-pressure coeﬁiment at zero angle of |

Ss body base area (at z=L)
{1 time
Vo free-stream Vel(i)'clty
Ve local axial velocity at body surface at any
station z
/ % axial coinponent of the stream velocity (Vi o8 a)
¥ cross-flow component of the stream velocity
(Vo sin a)
|z axial distance from bow of bedy te any body
' station
Tn axial distance from bow of body to pitching-
I morernt center o
| Zaspoe axial distance from bow of body to canter of
viscous cross force
1 X reference length for moment coefficient
; evaluation
|y ordinate in plane of inclination fiorinal to axis of
I revolution
{2 ordinate normal t¢ plane of inclination and to
axis of revolution
fi o angle of body-axis inclination relative to free-
stream-ﬁow direction
] tan=! iz
I fluid kinematic viscosity
| 8 polar angle about axis of revolution measured
| from approach direction of the cross-flow
; velocity
I s fluid mass density
| ¢ velocity potential

PRESSURE DISTRIBUTION ON SLENDER INCLINED BODIES

OF REVOLUTION
POTENTIAL FLOW THEORY
Consider the flow over the body of revolution shown in
: Jdined at an angle o to the stream of
If the body is slender, the axial component

vel

velomty V at the body surface will not differ appreciably
| from the axial compenent V, of the stream velocity. With

| this cendition, it is clear that the cross flow may be treated

FIQURE 1.—Body of revolution in inclined flow fleld,
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approximat,ely by considering it to be two-dimensional in &

plane which is parallel to the yz plane and is moving axially

with the constant velocity V,, In other words, the problem

may be treated by determm_mg the two-dimensional flow |
about & circular cylinder which is first growing (over the fore-

body) and then collapsing (over the afterbody) with time.

ngen in polar coordinates as

¢=—V,, (r-}-I—jf) cos 0 @ |

]
" the surface pressure i coeflicient form becoines

which in this moving reference plane is a function of time.

‘Bernoulli’s equation for an incompressible flow which
changes with time is

B [£ Cy IR
Now from equation (3)
~2V, (R) X cos o ®
"but
dR—--‘(i—l% %— V,, tan g {6)
so that equation (5) becomes
%4: —2V,, V; tan 8 (_lr!) cos )]

Also, by differentiation of equation (3),

gj’_m V. €08 0(1—-%)

26 _
rof

. ®
V,, sin 8 (1 +!§,-2

80 that equation (4) for the pressure at any point in the flow
field becomes

%;2 Vo V., tan 3 (Lf) cos 6— Yé"’jz{c()s’ 0 [1 __(I;)’]’_F
sin? 0 [1 +(’7‘)’]’} +C ©)

r=>® PP,

For

P0+ V'o

~ and hence equation {9) for the pressure at the surface of the

body becomes for =R

Pro o A - V.2 . )
B2V, Vi, tan 8 cos 04 Vz' (1—4sin?6) (10)

Ty g
. 'The velocity potential for the cross flow at any z station is | and writing

V,o =V, sinh a

,,-oﬁ Vb CcOs a

p=E=P = “P0=9 tan B cos 6 sin 2a-+(1—4 sin? 6) sin? «  (11)

For bodies of moderate fineness ratio at zero angle of

{ inclination, thé surface pressure at any station, designated

Da=o, Will differ slightly from the static pressure p, but, if

' the fineness ratio is not too low, the pressure, pswo, in any

yz plane will be approximately constant for several body
radii from the surface Tjnder t.he assumption thab the
in the portlon of the Yz planc for Whlch the major eﬁ’ects of
the cross-flow distribution are feli, the change in pressure
from o to Paso Will be additive to, but will not otherwise
.nfluence, the cross-flow pressure distribution. Hence for
any station on a body of high fineness ratio for which at
zero inclinatiofi the pressure i8 pa-o, the pressure coeflicient
distribution at this same station under inclined flow con-
ditions will be, from equation (11),

P=P,.,+ (2 tan 8 cos 8) sin 2a+ (1—4 sin? 8) sin? « (12)

For very slender bodies at small angles of inclination
tan f~B
sin 2a22a
sinfaz2at

so thai equation (12) becomes?

P=P,..+(4 cos 8) Ba+(1—4 sin? §) o (13)
"The cross force per unit 1ength of the body is then found as

_f f PR cos 6 d6= 2qof PRcosod0+"f Polt cos 0 d9

3 Eqnstlon (13), for the case in which 8 is constant, reduces to that derived by Busemann
(reference 5) for the flow over an inclined cone. Taitone’s linearized solution (reference 4)
for the pressure distribution over bodies at supersonic speeds agrees with equation (13) except
that the a? term, of course, is absent. This linearized solution is inadequate in general since,
for the cases of usual interest, the values of a are of the same order of magnitude 2> 8, thus
the a? term is as important as the « term.
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and clearly
‘2ﬁ' Dol cos 0d0=0
Substituting P from equation (12) gives

F=2RqoP:x L’ c0s-0d0+4Rq, tan B sin 2« ﬁ i ¢os? 0d o

2Rqs sin’ « f " (1—4 sin? 8) cos 649
X

The first and third integrals are zero, while the second |
| the cylinder axis the viscous flow about the cylinder would
| appear identical to the flow about a circular cylinder section
| in a stream moving at the velocity V, sin a.
| tion of the flow would occur in the yz plane as a result of

integral yields
Sf=2xRg, tan B sin 2a
and since
dR_ 48
27R tan f=2x Rd =dz
then

which is equation (1) derived by Munk for the cross force
on slender airship hulls and, in the form,

f:—-'2410%'—§ a«

that derived by Tsien for the cross force, to the erder of the

first power of the angle of inclination, for slender bodies at
moderate supersonic speeds. This development shows that
. these equaticis for the cross force are also correct to the
second power of « for inviscid flow.

COMPARISONS WITH EXPERIMENT AND DISCUSSION OF THE
EFFECTS OF VISCOSITY

In reference 6, a thorough investigation at low speeds
was made of the pressure distribution over a hull model of
the rigid airship “Akron.” Incremental pressure distri-
butions due to inclination calculated by equation (12) for
four stations along the hull at three angles of attack are
compared with the experimental values in figures 2(a) to
2(d). In each of the figures is shown a skeich of the airship
which indicates the station at which the incremental pres-
sure distributions apply. This comparison represents a
severe test of the theoretical method of this report since the
method was developed on the assumption that the fineness

ratio of the body is very large, while for the case considered |.

the fineness ratio is only 5.9.-
At the more forward stations (figs. 2(a) and 2(b)), the
a.greement is seen to be essentially good * but some discrep-

. At stntions extrew.,ly close to the bow the method must be inaccurate as evident from the
work of Tpson.and Klikoff (reference 7).

- ancy, particularly at values of ¢ near 180°, is evident which
 increases with increasing distance from the bow. Down-
| stream of the maximum diameter section (figs. 2(c) and 2(d))
i the discrepancy increases very rapidly.

The disagreement, that exists at the afterbody stations
results from effects of viscosity not considered in the theory,

a8 will be seen from the following: R. T. Jones, in reference

8, showed that, for laminar flow on an infinitely long yawed

| cylinder of arbltmry cross section, the behavior of the com-
| ponent flow of a viscous fluid in plames normal to the cylinder

axis was independent of the . component flow parallel to the
axis.> For an inclined circular cylinder, then, viewed along

Hetice separa-

the adverse pressure gradients that exist across the cylinder.
Jones demonstrated that this behavior explained the cross
forces on inclined right circular cylinders that were experi-
mentally observed in reference 10. That such separation
effects also occur on the inclined hull model of the “Akron”
is also evident from the pressure distributions in figures
2(¢) and 2(d).

While the treatment of reference 8 explains qualitatively
the observed behavior of the flow field about the hull model
considered, it cannot be used quantitatively for & low fine-

ness ratio body such as thie “Akron” for at least two reasons.

First, the iﬂ»ueﬁcegof the term
2 tan 8 cos 0 sin 2a

of equation (12) is to distort the typical circular-cylinder
pressure distribution, given by the term

(1=4 sin® 0) sin’ &

so as to move the calculated position of minimum pressure
away from the 8= 00° point and to change the magnitude of
the pressure to be recovered on the lee side of the body. Over
the forward stations of the body, where tan 8 is positive, the
position of minimum pressure lies between 90° and 180° and
the theoretical pressure recovery is small and even zero at the
most forward stations. For the rearward station where tan 8
is negative, the minimum pressure lies between 0° and 96°,
and the theoretical pressure recovery is large and increases
proceedmg toward the stern. For the hull of the “Akron”
model, the theoreticel line of minimum pressure along the
hull is shown in figure 3 for the angles of attack of 6°, 12°.
smd 18°#% Since separation can only occur in an adverse

s The recent work of A. P. Young and T. B. Booth (reference 9) indicated that this may be
true for the turbulent flow case as well.

§ It is of interest to note in this figure that even for small angles of inclination the line of
minimum pressure becomes oriented close to the-direction of the axis of revolution, while at
zero inclination it must, of course, be normal to this axis.
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PéP@.

Incremental pressure coefficient,

P

fncremental pressure coefficient, P:

(a) z/I;=0111;
(b)z/L=0.355;

FiGURE 2 —Calculated and experimental pressure distributionon amodel hull of the U, 8, 3. Akron.
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Anglé of attack

o
— e 6.
= /e°
= —— 18°

FiGuke 3.—~Caleulated lines of ininimiiin pressures for a model hill o£ U, 8. S, Alionat three |

angles of attack.

culated for a nonviscous fluid. Over the rearward stations |
the flow separation should tend to be even more pronounced
than would occur on a right circular cylinder. That such is

the case is shown by the flow studies on the ellipsoid of revolu- |

tion of reference 11. In those studies, the flow on the model
surface was investigated by lampblack and kerosene traces.

The traces showed the line of separation followed the trend |

indicated above. From the foregoing, it is evident that the
potential flow solution for the pressures on inclined bodies

can only be expected to hold over the forebody, and that over ?

the aiterbody the pressure distribution, particularly on the
lee side, will be importantly influenced by the fluid viscosity.
Second, it is evident that there exists a certain analogy

between the cross flow at various stations along the body and |

the development with time of the flow about a cylinder start-
ing from rest. This may be seen by considering the develop-
ment of the cross flow with respect to a coordinate system

that is in a plane perpendicular to the axis of the inclined |
body. Let the plane move downstream with a velocity V, -

and let the coordinate system move within the plane such

that the axis of revolution of the body is always coincident |
with the z axis of the coordinate system. The cross velocity |

is then V, sin a. At any instant duriug the travel of the plane
from the nose to the base of the body, the trace of the body in
the plane will be a circle and the cross-flow pattern within the
plane may be compared with the flow pattern about a circular
cylinder. Neglecting, for the moment, the effect of the taper
over the nose portions of the body, it might be anticipated
that over successive downstream sections, the development
of the cross flow with distance along the body as seen in this
moving plane would appear similar to that which would he
observed with the passage of time for a circular cylinder
impulsively set in motion from rest with the velocity V, sin a.
Thus the flow in the cross piane for the more forward sections
should contain a pair of symmetrically disposed vortices on
the lee side (cf. reference 12). These vortices should increase
in strength as the plane moves rearward and eventually, if the
body is long enough, should discharge to form a Karmén .
vortex street as viewed in the moving cross plane. Viewed in

REPORT 1048——NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

' this moving plane the vortices would appear to be shed and
slip rearward in the wake, but viewed with réspect to the
stationary body the shed vortices would appear fixed. This

| process of the growth and eventual discharge of the lee-side

 vertices should occur over a shorter length ot body the higher
the angle of attack since the fmovement of the cylindrical
 trace in the cross plane at any given station is greater the

| greater the angle of attack. For a low fineness ratio body,

~ however, the development of the lee-side vortices would be
 expected to have progressed no farther than the “‘symmetrical
paif” case even at the highest angles of attack of interest.

| This is corroborated by the flow surveys of Harrington
gradient, it is clear that the line of separation will roughly |
puralle] the line of minimum pressures. Hence, the flow about |
forward sta{‘ons will be, or will more nearly be, that cal- |

(reference 11).

For bodies of high fineness ratio, such as those used for
supersonic missiles, it was clearly of interest to determine
experimentally the hature of the anticipated growth and

! discharge of lee-side vortices. In the course of an investiga-

 tion of a series of bodies with egival noses and cylindrical
afterbodies conducted in the Ames Laboratory 1= by 3-foot
supersonic wind tunnels, it was deterinined that the growth
'~ and discharge of leeside vortices did occur for such bodies
at angle of attack as was evidenced in two ways: The
" schlieven picture for one of the bodies (fig. 4 (a)) showed 4 line

on the lee side at the more forward stations which drifted

away from the body surface and eventually branched into a
' series of lines trailing in the strean direction. The “lie” at

| the more forward stations was indicated to be the cores of the

- symmetrical vortex pair, which in this side view would appear
coincident. The branches were indicated te be the cores of
 the alternately shed vortices. In order to make the vortices
visible in a4 more convincing manner, use was made of a
' technique which we have termed the “vaper screen” method.
With this technique, the cross flow is made visible in the
following manner (sée fig. 5): A small aiwount of water
vapor, which cendenses in the wind-tunnel test section to
' ¢, 15 introduced into the tunnel air stream.
ed by a bigh-pressure
V4] ne through the glass
 window in a plane essentially perpendicular to the axis of the
tunnel. Tu the absence of the model this plane appears as a
uniformly lighted screen of fog particles. When the model is
put in place at any arbitrary angle of attack, the result of any
disturbances in the flow produced by the model which
affects the amount of light scattered by the water particles
in this lighted plane can be seen and photographed.

Tn figures 4 (b) and 4 (c) are shown photographs of the
vapor screens corresponding to the indicated stations for
the body of figure 4 (a). The photographs are three-quarter
front views from a vantage point similar to that of the sketch
of figure 5. In these photographs vortices made themselves
. evident as black dots on the vaper serecns due to the absence
of scattered light, which is believed to result from the action
of the vortices in spinning the fine dropliets of fog out of the
fast turping vortex cores. Other details of the flow, particu-




(a) Side view schiieren photograph;

+

(b) Vapor-screen

1+

aph rearward s

(¢) Vapor-screen

h forward

FIGURE 4.—Schiieren and vapor-screen photographs showing vortex configuration for an inclined
body of revolution («2¢25°) at supersonic speed (M222),

larly shock waves, are evident as a change in hgh intensity.
Figure 4 (¢) shows the symmetrical vortex pair to exist as
previously indicated at the more forward stations, while
figure 4 (b) demonstrates that the vortices are shed at
stations far removed from the bow, Other observations at
different angles of attack demonstrated that the shedding of
vortices began, as indicated previously, at the more forward
stations the lngher the angle of attack. It is of interest to
pomt out that n t:hese Wmd~tunnel tests the order of d]S-
any cross-ﬂow plane, the dlscharged vortex closest to the
body would at one instant be on one side of the body and at
the next instant, or perhaps several seconds later, on the
other. No regularity in this change in the distribution of the
vortex street has been found.

METHOD FOR ESTIMATING FORCE AND MOMENT CHAR-
ACTERISTICS OF SLENDER INCLINED BODIES IN VISCOUS
FLOW

For bodies of high fineness ratio at high angles of attack
when the cross force is important, it is clear that the third
term of equation (13) must predominate since 8 is small, so
that the pressure distribution increment due to angle of
attack will closely approximate the pressure distribution for
a circular-cylinder section at a velocity equal to the cross
component of velocity for the body. Moreover, except. for
the sections near the bow, development of the cross-flow
boundary layer will have been sufficient to promote the flow
that is characteristic of the steady-state flow for a circular-
cylinder section at the Mach and Reynolds numbers corre-
sponding to the cross velocity over the body.
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FI1GURE 5.—Scherhatie diagram of vapor-screen apparatus showing vortices from a lifting body of revoiution. .

For the limiting case of a slender body, the appropriate
value of the cross-wise drag coefficient is, of course, the value
of the drag for an infinite cylinder. As will be shown later,
experiments indicate that for actual bodies of finite length
a somewhat smaller value should be used. Since the actual

somewhat less than the coefficient for an infinite body, this
reduced value suggests itself. Thus it mizht be expected
that the viscous eross-foree distribution on such a body could
be calculated on the assumption that each circular element
along the body experiences a cross force equal to the drag
force the section would experience with the axis of revolution
normal to & stream moving st the veloeity V, sin @. This
viscous contribution is given by

2Req, -0 g SIN* o d

where R is the body radius at = and cg,_,° is the local drag

coefficient at z for a=90° corresponding to the Reynolds
number
R.=R, sin «
and the Mach number
M =M, sit. «
As a first approximation to the total cross force we may

add the potential cross force to the viscous contribution.
The total cross force at x would then be 7

f=q fll—g sin 2« cos %+2Rcdq__mo 4o gin? a

With this simple allowance for viscous effects the lift
coefficient,’ the foredrag coefficient, and the pitching-moment

7 From the work of Ward (reference 13), it may be shown that the potential cross force is
directed midway between the normal to the axis of revolution and the normal to the wind
direction.

¢ In the expression for Cy, the contribution of the axial drag force —Cp, cos? x sina
is inconsequentially small and has been ignored. (=0

?&
|
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coefficient about an atrbitrary moment center x, from the
nose are given by
A

2 gin? « cos &

A

0,,—-%

gin 2a €08 +C.;m_ﬂ,0

, . 8 5 &, , A, . 1
. R PO SR e sy ST R |
O"Dw— ODi,io. COF q-}{-' i 8in 2a sin 4 Ogm_,!‘@oo A sih® « |

Cue[————Q _Sﬁ:—-’”)]’sm 2a co8 -‘2i-r

where ;:
‘Cﬁ"’nv_-oo°=’

and
Tas

where ’

A, plan-form orea

S,  base area !

@  bedy volume |

L  bodylength _ ) I

A reference area for coefficieot evaluation ) -

X  reference length for pitching-moment-coefficient eval- |

ua,tlon
Beca.use of the appmmmate nature of the theory, 1t is not

o

equatlons Accordmg y .". is
f the smgle of aftac ¢

To assess the adequacy of these equations fer predicting |
the force and moment characteristies of high fineness ratio |
bodies, two bodies of revolution were tested in the 1- by | ;
3-foot supersonic wind tunnel at a Mach number of 1.98 |
from angles of attack of zero to more than 20° and in the |
1- by 3%-foot high-speed wind tunnel from Mach numbers |
of 0.3 to 0.7 at 90° angle of attack to determine the cross- |
flow drag coefficient C, _,, 8nd the center of application
Lamoee Of this force.® The bodies investigated (see fig. 6)

¥ In the expression. for ACB,, the term —Co, a?, which should properly appear on the

vight side of this equation, has'been omitted slnee, for practical cases, its.contribution is.small.

10 Although the cross Reynolds numbers for the 1-by 3}¢-foot wind:-tunnel tesi were almost
twice that for the 1- by 3-foot wind-turinel tests, the results sre considered comparable since
fn the range of Reynolds numbers inv estigated the drag characteristics of circular cylinders
are insensttive to change in Reynolds numbers.

- 25; 000 qeneraflng o A//¢~1/mensm>n5 Vi) /nches T
radiusg
Bodly 1(fireness rotio £/}

-—25 000 qenera?‘mq o i T
radiuvs

Body 1 (fireness ratia 13.)

FIGURE 8.==Bodies of fevolition,

cach had a 33%-caliber ogival nese and constant diameter
afterbody of such length as to make the fineness ratios 21.1
for body T and 13.1 for Lody II. Shown in figures 7 and 8
are the lift coeflicient, foredrag-increment coefficient, pitching=
moment coefficient about the bow, and center of pressurc
as a function of angle of attack for the two bodies as detei-
mined from the tests in the 1= by 3-foot wind tunnels.

i Also shown are the ealeulated characteristics (indicated by

the solidline cufves) using the experimental values of
Cy, oo A Tozgo (See figs. 9 and 10) obtained from tue
90" angle-of-attack tests im the 1- by 3%-foet wind tunnci
as well as calculated characteristics obtained from potential
theory (indieated by the dotted-line curves). The reference

| area A for coefficient evaluation for these data is the base
i area and the reference length X for moment-coefficient

evaluation is the base diameter.
It is seen that for the higher fineness ratio body (body I,
the calculated characteristics which include the allowance

 for viscous effects are in good agreement with experiment
| and that the potential theory is clearly inadequate at all

but very small angles of attack. For the lower fineness ratio
body (bedy II), the calculated allowances for viscous effects

| depart further from experiment than they do for body I,
| as would be expected, although again they are in much

better agreement with experunent tham are the calculated

Whﬂe the r‘om-pansons made demonstra*ﬂ that the indi-~
eated allowance ior viscous effects is adequate for very high-
themsclves, ba,sed 01; expemm\,ntally determined value_s of
Q,; and ... For the method to be useful in design,

=90

. of course, some means for calculating these parameters must

exist. In many cases, there are available sufficient experi-

| mental drag data on cyhnders to prov1de the requlred

gwen for determmmg the values of Caa 000
the bodies I and II previously considered.
‘The variation- of the coefficients of lift, foredrag increment,

and pitching moment and of the eenter-of—px essure posmon

and zg_m for

| with angle of attack for the two bodies as estimated using

the calculated cross-flow drag characteristics given in the
appendix are shown in figures 7 and 8 (as the dashed-line
curves). The estimated characteristics are seem to be in
even better agreement with experiment than are the calcu-
lated variations using the experimental cross-flow drag
characteristics.
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ESTIMATION OF CROSS-FLOW DRAG COEFFICIENT
A procedure which suggests itself for estimating the mag-
nitude of the cross-flow drag coefficient €y __ . as a function
of angle of attack for the two ogival-nosed bodies treated
in the text is to consider them to have the same characteris-
ties a8 circular cylinders of constant diameter,
o A
b=t

The cress-flow drsg coefficient of this fictitious eylinder of
finite length can then be approximated by first determining
the drag coefficient, €y Of & circular-cylinder section of
diameter I’ at the cross=flow Mach number

and eross-flow Reynolds number

and then correcting this drag coefficient for the effect of the
finite fineness ratio, L/IV.
From references 14 and 15, it is found that for the values.o
I corresponding to the two bodies eonsidered the et
cylinder section drag coefficients, cq,, are the same for both
bodies and dependent only on the Mach number. The
values at various cross Mach numbers are given in figure 9.
From reference 16, it is found that for a finite-length eir-
cular cylinder in the range of Reynolds numbers for Whmh the
cross-drag coefficient, as for the preser (
Mach numbers, the ratio of the drag of the ci ; ;
of finite lengbh to that for the circular ¢ylinder of :
lengtk is 0.755 for body T and 0.692 for body . Ass
that this ratie is mdependent of Mach
the estimated values of C; _ ., for the two bodies are as
given in figure 9 wherein they may be compared with the

a =802

experimental values obtained from the 1- by 3%-foot wind- |

tunnel tests. » -
.The value of £yuge is logically assumed to be the distance
from the bow to the centroid of plan-ferm area. This

| assumed position which is indeperident of Mach number is
" compared with the experimentally determined values from

the 1- by 3¥-foot wind-tunhtiel tests for the two bodies in

1. Munk, Max M.: The _Aerodynamic Forces on Adrship Hulls.

2, T'sien, Hsue-Shen: Supersom(, Flow Over an Inclined Body of
Revolution. Jour. Aere. Sei., vol. 5, ne. 12, Oct. 1938, pp.
480-483 )

3. Kaplan, Casl: Potential Flow About Elongated Bodies of Revolu-

tion. NACAR p. 516, 1935.

4, e Lmeanzed Subsoni¢ and Supersonic Flow
About Inelined Siender Bodies of Revolution: Jour. Aefo. Sei.,
vol. 14, ho, 11, Nev. 1947, pp. 631-<642.

5. Busema,nn, Adolf Infinitesinial Conical Supersoni¢ Flow, NACA

W. A.: Application of Practical
4 NACA Rep. 405, 1931.

‘ec,s of Sweepback on Boundary Layer and
{Formerly NACA TN

The Colloge of Aeronautlcs, Cranﬁeld

s Of ﬁn'te Span
38, May, 1950,

¥. and Powell, C. H.: Tests on Smooth and Stranded
i ! \ Dxrecmon, and a Companson of
R. & M. No.

11, Harr _ngtoﬁ, R P An Aéfa:ck on the Origin of Lift of an Elongated
Body Damel Guggenheim Adrship Inst., Publication 2, 1935.
] P istribution in Nonumform Two-Dimens

. N Supétsonic Flow Pas£ Slender Pointed Bodies.

Quar. Jour. of Mech. and Applied Math., vol. 2, part I, Mar.
1949, pp. 75-97.

14. Lindsey, W, ¥.: Drag of Cylinders of Simple Shapes.
619, 1938.

5. Stack, John: Compressibility Effects in Aeronuatical Engineering.
NACA ACR, Aug. 1941.

16. Goldstein, S.: Modern Developments in Fluid Dynamies. Oxford,
The Clatendon Press, 1938, vol. II, pp. 419-421.
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